Abstract This study represents the first detailed analysis of the spontaneous neurological mouse mutant, tippy, uncovering its unique cerebellar phenotype. Homozygous tippy mutant mice are small, ataxic, and die around weaning. Although the cerebellum shows grossly normal foliation, tippy mutants display a complex cerebellar Purkinje cell phenotype consisting of abnormal dendritic branching with immature spine features and patchy, non-apoptotic cell death that is associated with widespread dystrophy and degeneration of the Purkinje cell axons throughout the white matter, the cerebellar nuclei, and the vestibular nuclei. Moderate anatomical abnormalities of climbing fiber innervation of tippy mutant Purkinje cells were not associated with changes in climbing fiber-EPSC amplitudes. However, decreased ESPC amplitudes were observed in response to parallel fiber stimulation and correlated well with anatomical evidence for patchy dark cell degeneration of Purkinje cell dendrites in the molecular layer. The data suggest that the Purkinje neurons are a primary target of the tippy mutation. Furthermore, we hypothesize that the Purkinje cell axonal pathology together with disruptions in the balance of climbing fiber and parallel fiber-Purkinje cell input in the cerebellar cortex underlie the ataxic phenotype in these mice. The constellation of Purkinje cell dendritic malformation and degeneration phenotypes in tippy mutants is unique and has not been reported in any other neurologic mutant. Fine mapping of the tippy mutation to a 2.1 MB region of distal chromosome 9, which does not encompass any gene previously implicated in cerebellar development or neuronal degeneration, confirms that the tippy mutation identifies novel biology and gene function.
Introduction
Many classical spontaneous neurological mutants exhibit cerebellar dysfunction or ataxia [1] . These mutant mice have provided fundamental knowledge regarding the pathways critical for the development and function of the cerebellum which have also translated to other CNS regions and have advanced our understanding of the pathogenesis of human neurological disease [2] [3] [4] . The Jackson Laboratory Mouse Genome Informatics database (www.informatics.jax.org) currently lists 446 spontaneous neurological mutant alleles, many of which have been annotated with molecular mechanism. However, numerous mutants still exist whose genetic lesions and detailed cellular and molecular phenotypes remain uncharacterized, representing a rich, yet untapped, resource for defining gene function and novel underlying biology.
The tippy mouse represents one such understudied mutant. The tippy mutation arose during a linkage cross at Jackson Laboratory in 1977. Homozygous tippy mutant mice are small, severely ataxic, and typically die by postnatal day 20 (P20). Although the tippy behavioral phenotype suggests cerebellar and/or vestibular abnormalities, previous studies found no anatomical alterations explaining the neurological symptoms [5] . The tippy mutation was initially mapped to distal chromosome 9 and is non-allelic to nearby ducky (Cacna2d), another spontaneous mutant locus associated with ataxia [6] . While several candidate genes have been proposed in past years, the molecular lesion remains unknown.
Through detailed anatomical and electrophysiological studies of tippy homozygous mutants, we have uncovered a complex cerebellar phenotype that primarily involves Purkinje cells in both their somatodendritic and axonal compartments. We observed widespread alterations of the Purkinje cell dendritic arbor, anomalous parallel fiber-Purkinje cell electrophysiology, dystrophy of the cell organelles including mitochondrial clumping, endoplasmic reticulum vesiculation, axonal torpedo, and severe changes of Purkinje axon terminals in the cerebellar cortex, as well as in the cerebellar nuclei and the vestibular nuclei. These changes were accompanied by patchy, caspase-3 independent, dark degeneration of the Purkinje neurons and widespread microglial and astroglial activation throughout the cerebellar cortex and its target nuclei. The data suggest that the Purkinje cells are a major target of the tippy mutation, which our genetic analyses indicate to be a heretofore unrecognized player in cerebellar development and degeneration. This constellation of developmental and degenerative phenotypes is unique and to the best of our knowledge has not been described in any other neurological mutant. Further analysis of this mutant will therefore provide fundamental novel insights into Purkinje cell biology, which in turn, is likely to provide invaluable information regarding the cause of human cerebellar ataxias of unknown etiology.
Materials and Methods
Animals and Chemicals Heterozygous tippy mice (Jackson Laboratory stock #001055; maintained on C57BL/6; C3HeB/Fe genetic background) were originally obtained from the Jackson Laboratory and interbred in-house. Homozygous mutant mice were distinguished from their heterozygous tippy and homozygous control littermates by ataxic gait and small body size. Analysis was conducted with interbred mice from generations [1] [2] [3] [4] [5] . No evidence was seen of the phenotype changing across generations. A few homozygous tippy mice were nursed beyond P20. Unaffected littermates and wildtype mice were used in the experiments as controls. Control C3HeB/Fe (stock #000658) and Molf/E i (stock #000550) strains were also purchased from Jackson Laboratory. Mice between the ages of P10-P35 were deeply anesthetized with i.p. sodium pentobarbital (60 mg/kg body weight) and transcardially perfused with appropriate fixatives. This study was carried out on mice in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All chemicals were purchased from Sigma-Aldrich unless otherwise stated.
T i s s u e P r o c e s s i n g , H i s t o l o g y , a n d
Immunohistochemistry Mice between the ages of P10-P35 were transcardially perfused with 4 % freshly depolymerized paraformaldehyde (PFA) in phosphate buffered saline (PBS). Dissected brains were postfixed for 2 to 48 h at 4°C and washed with PBS followed by various tissue processing protocols. Paraffin sections (12 μm thick) were generated and processed for immunocytochemistry according to avidin/ biotin amplification protocol using diaminobenzidine (DAB) as chromogen. Agarose-embedded 50-μm-thick tissue sections cut on a vibrating blade microtome, 20-μm-thick cryosections cut on a cryostat or 24-μm-thick frozen sections cut on a freezing stage microtome were processed for immunohistochemistry as reported [7] [8] [9] . Sections were labeled with the following primary antibodies: rabbit anti-calbindin D28k (1:2000, Swant), rabbit anti-GABAα6 receptor (1:100, Millipore), rabbit anti-glial fibrillary acidic protein (GFAP) (1:500, DAKO), rabbit anti-parvalbumin (1:200, Swant), guinea pig anti-vesicular glutamate transporter 1 (VGluT1) (1:500-5000; Millipore), guinea pig anti-VGluT2 (1:500-5000, Millipore), rabbit anti-PEP19 (1:3000; generous gift of Dr. J.I. Morgan, St. Jude, Memphis, TN), rabbit anticleaved caspase-3 (Casp3) (1:50, Cell Signaling), rabbit anticalretinin (1:5000, Swant), and mouse anti-ubiquitin (1:3000, Fitzgerald Industries International). Secondary antibodies were from goat or donkey and were conjugated to biotin (1:200, Jackson ImmunoResearch; 1:500, Amersham), to Alexa Fluor-488 or 568 (1:100, Invitrogen), or Dylight 488 or 594 (1:400, Jackson ImmunoResearch). Gelatin-embedded 20-μm-thick sections were used for Nissl staining [10] . Slides bearing frozen cut tissue were stained with Fluoro-Jade C (Millipore) [11] . Terminal deoxynucleotidyltransferasemediated dUTP nick end labeling (TUNEL) assay was performed using In Situ Cell Death detection kit (POD, Roche Diagnostics). For Golgi staining, dissected brains of P21 mice were processed using the FD Rapid GolgiStain™ Kit (FD NeuroTechnologies). After Golgi-Cox impregnation, 100 μm cryosections were counterstained as outlined in the GolgiStain™ Kit.
Electron Microscopy For electron microscopy, mice were perfused with saline followed by a fixative containing 2 % freshly depolymerized PFA and 1 % purified glutaraldehyde (Electron Microscopic Sciences) in 0.12 M phosphate buffer (PB). Cerebella were removed, postfixed for 24 h at 4°C and sliced on vibrating blade microtome at 100 μm in the coronal or sagittal plane. Slices were postfixed in buffered 2 % OsO 4 , rinsed, stained in 1 % uranyl acetate, dehydrated, and embedded in Epon. Semithin sections, 1-2 μm thick, were cut on an ultramicrotome, collected on gelatin-coated slides and stained with toluidine blue. Ultrathin sections were contrasted with lead citrate and uranyl acetate, and analyzed under a Zeiss EM-10 electron microscope operated at 60-80 kV.
Anterograde Labeling Control (n=6) and tippy mutant (n=6) P21 mice were transcardially perfused with 4 % PFA. Dissected brains were postfixed for 2 h at 4°C and washed with PBS. Four to six medium-sized cohesive DiI crystals (Molecular Probes, Invitrogen) were picked up with the tip of a fine Tungsten needle and inserted, under a dissecting microscope, into the right and left inferior olivary nuclei. The brains were subsequently stored in PBS with 0.2 % sodium azide at 37°C for 2 weeks followed by storage at room temperature for 9 months in the dark to allow for diffusion of the DiI [12] . Free-floating 50-μm agarose-embedded sections were processed for immunostaining as previously described [13] .
Slice Preparation and Electrophysiological Recording
After isoflurane anesthesia and decapitation, parasagittal slices of cerebellar vermis (250 μm thick) were prepared from P20 to P24 mice in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 5 KCl, 1.25 Na 2 HPO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 10 D-glucose bubbled with 95 % O 2 and 5 % CO 2 . For recording, slices were continuously perfused with ACSF supplemented with 100 μM picrotoxin to block GABA A receptors at 31-34°C. Whole-cell voltageclamp recordings were performed from visually identified Purkinje cells with a patch pipette that had a resistance of 2-3 MΩ when filled with an internal solution consisting of (in mM): 150 CsCl, 0.5 EGTA, 10 HEPES, 8 sucrose, 4 Na-ATP, and 0.4 Na-GTP adjusted to pH 7.3 with CsOH. Ionic currents were recorded with an EPC-10 amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany). Signals were filtered at 1.5 or 2.9 kHz and digitized at 10 kHz and the liquid junction potential was compensated unless otherwise stated.
Parallel fiber (PF) and climbing fiber (CF) responses were induced by electrical stimulation (200 μs pulse) to the molecular layer and granular layer of the cerebellum, respectively. For extracellular stimulation, the standard pipettes filled with external ACSF were used. CF-EPSCs were recorded with membrane potentials held at −70 and −20 mV. CF-EPSCs were identified by their all-or-none response and pairedpulse depression (PPD). PF-EPSCs were recorded at −70 mV, and they were identified by their graded development to smoothly increasing stimulus intensity and paired-pulse facilitation (PPF). To search for multiple CF innervation, the intensity of stimulation was gradually increased from 0 to 70 μA by 5 μA increments and the number of amplitude steps in evoked EPSCs was counted. EPSCs were recorded from Purkinje cells, irrespective of dendritic morphology. For evoked-EPSC recording, 5-mM QX-314 (Tocris Cookson) was included in the internal solution to avoid action potential generation. Miniature excitatory postsynaptic currents (mEPSCs) were recorded from Purkinje cells at a holding potential of −80 mV, under the bath application of 1 μM tetrodotoxin (Tocris Cookson, Bristol, UK). The mean amplitude was calculated from more than 150 mEPSC events for each recording.
Image Acquisition, Analysis, and Quantification Sections were analyzed with a Zeiss Axiovert 2100TV inverted microscope or Nikon Eclipse E800 microscope. Bright field and immunofluorescence images were acquired with a Spot RT CCD video camera (Diagnostics Instruments). Laser scanning confocal analysis was performed with a Leica SP2 AOBS spectral confocal microscope or Nikon PCM 2000 Confocal Microscope System. Projections of confocal z-stacks were acquired using ImageJ (10-50 slice Z-series separated by 0.5 μm). Images were processed with ImageJ in conjunction with Adobe Photoshop (Adobe Systems Inc.). Electron micrographic negatives were scanned and imported into Adobe Photoshop CS for image processing. Confocal stack projections of parasagittal cerebellar sections co-labeled for calbindin and VGluT2 from control (n=10 images from 4 mice) and tippy mutant mice (n=11 images from 4 mice) were used for analysis of CF innervation territory. Molecular layer thickness was measured from the base of the Purkinje cell somas to the pial border. CF-terminal reach was measured from the base of the Purkinje cell somas to the most distal tip of continuous VGluT2-positive terminals. The CF innervation territory was determined by taking the ratio of CFterminal reach/molecular layer thickness. Student's t test was used unless otherwise stated.
Genetic Mapping Tippy mice were maintained on C57BL/6; C3HeB/Fe and outcrossed to both male and female Molf/E i for mapping. Affected F 2 progeny (n=226) of F 1 intercrosses were identified based on ataxic gait at P14-P18. Initial genotyping was performed using a single-nucleotide polymorphism (SNP) panel of 768 autosomal markers [14, 15] . Linkage analysis was performed across each autosome using Allegro 2.0 [16] . Parametric LOD scores were calculated assuming a fully penetrant recessive mode of inheritance and a disease allele frequency of 1/10,000. Fine mapping was with informative MIT microsattelite markers and published SNPs on chromosome 9 using standard PCR protocols (available upon request). Amplification products were electrophoresed on 5-10 % polyacrylamide gels. An enzymatic cocktail containing exonuclease I (10 U/μl; USB) and shrimp alkaline phosphatase (1 U/μl; USB) was used to degrade primers and dNTP prior to sequencing. Sequences from both strands were obtained using an ABI 3730XL 96-capillary Genetic Analyzer (Applied Biosystems) at the University of Chicago Cancer
Research Center DNA Sequencing Facility and analyzed using Mutation Surveyor software.
Results

Purkinje Cell Dendritic Branching and Spine Abnormalities in Homozygous Tippy Mutant Mice
Homozygous tippy mutant mice were distinguishable from their littermates (heterozygous tippy and control C57BL/6; C3HeB/Fe) by age P10 based on reduced body size and failure to acquire a normal righting reflex. Confirming previous reports [5] , mutant cerebellar morphology was grossly normal with no observable defects in the structure of the vermis or cerebellar hemispheres (Fig. 1a, b) . Nissl-stained mid-sagittal cerebellar sections revealed no marked differences in foliation or tri-laminar organization between control and mutant mice (Fig. 1c, d ). The cerebellum, however, was disproportionately small relative to overall brain size in homozygous mutant mice.
A careful examination of the various cell populations constituting the cerebellar cortex at both P35 and P21 revealed specific defects in mutant Purkinje cells. In Golgiimpregnated sections or after calbindin or PEP19 immunostaining, Purkinje cells from control mice exhibit a highly stereotypic dendritic branching pattern of 1-2 first-order branches emerging from the cell soma followed by secondorder and tertiary branches, with spiny branchlets coming off only at the tertiary level or above (Fig. 1e) . In contrast, homozygous tippy mutant Purkinje cells often possessed no clear Fig. 1 Abnormal mutant Purkinje cells without gross cerebellar dysmorphology in homozygous tippy mutant mice. a, b, Whole cerebella of tippy mutant mice (b) exhibit grossly normal morphology with no significant differences from control cerebella (a). The midline structure in (b) is a prominent blood vessel in this particular specimen, a feature that is variable in both wild-type and mutant animals. There is no evidence of aberrant foliation or midline fusion deficits in tippy animals. c, d, Nissl-stained mid-sagittal sections similarly demonstrate normal foliation pattern and cortical laminar structure in mutant (d) and control (c) mice. Numeric assignments for the lobules are shown for the control mice (c). e, f Calbindin stained sagittal sections of cerebella from control (e) and tippy mutants (f) illustrate a dendritic branching malformation in mutant mice. In contrast to the stereotypical hierarchical Purkinje cell branching pattern displayed in control mice with spiny branchlets emerging only from tertiary branches (e, arrowheads), tippy mutant Purkinje cells display no clear secondary or tertiary shaft dendrites and spiny branchlets emerge directly from the primary dendrite (f, arrowheads). g, h Golgi-stained Purkinje cells of control (g) and tippy mutant mice (h) reveal a loss of parasagittal planarity as well as a dendritic spine malformation with dendritic spines of immature morphology abnormally studding the proximal dendrite (h, top inset, arrowhead) and soma (h, bottom inset, arrowheads) in the mutant. Left and right boxed areas are shown at higher magnification as bottom and top insets, respectively secondary or tertiary dendritic branches and distal spiny branchlets emerged directly and abundantly from the primary dendritic stem, even in its proximal region (Fig. 1f , arrowheads). Approximately 25 % of tippy mutant Purkinje cells retained the control dendritic architecture and of those that displayed a branching defect, there was a range in the severity of the malformation, with some mutant cells displaying the proximal overbranching of spiny branchlets while possessing clear secondary dendritic shafts. Abnormal Purkinje cells were observed in all lobules, across the vermis and both hemispheres and we found no evidence to suggest that they were restricted to sagittal domains. Differences in branching morphology were evident as early as P10 (data not shown). Analysis at earlier ages was precluded by the ability to identify mutant mice based solely on ataxia.
We next performed Golgi staining studies on cerebella of control ( Fig. 1g ) and mutant mice (Fig. 1h ) at P21 to view individual Purkinje cells in isolation. These studies confirmed the branching defect and revealed additional mutant Purkinje cell phenotypes. First, homozygous tippy mutant Purkinje cells exhibited meandering arbors with an apparent loss of the characteristic strict planarity of Purkinje cells. Homozygous mutant Purkinje cell processes were also more clustered and appeared overlapping in their coverage, unlike the control Purkinje cell dendritic branches and spines, which spread out evenly over an area, suggesting defects in dendritic self-avoidance. Third, in contrast to the control Purkinje cells, which possessed dendritic spines of a mature morphology with a distinct head and neck, mutant Purkinje cells often displayed thin, elongated filopodia characteristic of immature neurons, indicating a dendritic spine malformation. Moreover, in the mutant, many more spines than normal were located along the proximal dendritic shaft as well as the cell soma (Fig. 1h, insets) , yielding a cellular architecture reminiscent of immature Purkinje cells with multiple perisomatic processes as well as Purkinje cells deprived of afferent input. These spine abnormalities were visible even on homozygous tippy mutant Purkinje cells with normal dendritic arbors.
To determine if other cerebellar cell types had abnormal morphology or distribution, we performed immunohistochemical studies with a series of cell-type specific markers. We observed that granule cells formed a compact layer of normal density, and stellate and basket cells were confined to their correct positions with no marked difference in density in homozygous tippy mutant mice. Golgi, Lugaro, and unipolar brush cells were properly positioned with normal morphology, although their numerical densities were not analyzed. Bergmann glial cells also displayed no positional or organizational defects. We did, however, observe marked upregulation of GFAP in both Bergmann glia and astroglial cells of the granular layer, white matter, and deep nuclei (data not shown), suggesting widespread glial activation.
Purkinje Cell Dystrophy and Degeneration in the Homozygous Tippy Mutant Cerebellum
Immunohistochemistry with the Purkinje cell-specific marker, PEP19 ( Fig. 2a-f ) [17] confirmed the dendritic branching abnormalities originally observed with calbindin and also revealed additional abnormalities in homozygous tippy mutants. Co-labeling with PEP19 and ubiquitin identified multiple ubiquitin-positive and PEP19-negative Purkinje cells distributed throughout the Purkinje cell layer in P18 homozygous tippy mutants, interspersed with ubiquitin-negative Purkinje cells (Fig. 2b) , some of which showed dystrophic signs by PEP19 staining alone (Fig. 2c) . No ubiquitin-positive cells were found in control mice (Fig. 2a) . PEP19 immunolabeling also identified axonal swellings, or torpedos at the level of the initial Purkinje cell axon segment and within the core of the cerebellar folia white matter of tippy mutant mice ( Fig. 2d-f ). Staining for Fluoro-Jade C, a fluorescent high-resolution selective dye for neurodegeneration [11] , was present in dendrites, soma ( [18] . Further studies will be needed to address if the degeneration of Purkinje cells follows a particular pattern or it is a random process.
We next searched for signs of degenerations in the deep regions targeted by the Purkinje cell axons. Large numbers of enlarged, PEP-19-positive axonal processes and perisomatic terminals were present throughout the vestibular and cerebellar nuclei of tippy mutant mice (Fig. 3a, b ) in contrast to controls (Fig. 3c) . Conspicuously, the number of dysmorphic axonal profiles in the cerebellar and vestibular nuclei observed in PEP19 stained semithin sections by far exceeded that of the Fluoro-Jade C positive profiles observed in the same locations (Fig. 3d) , suggesting that the number of dystrophic processes outnumbered those undergoing advanced degeneration.
Semithin sections of homozygous tippy mutants treated with toluidine blue revealed neurons in intermediate (delicately stained) and advanced stages (dark stained) of degeneration, with degenerating dendrites in the molecular layer showing abnormal contrast, which was never observed in control mice (Fig. 2j-m, inset in Fig. 4c) . Most of the dark-staining cells were intermingled with negative cells, but we also observed multiple affected cells in sequence in rare instances (Fig. 2k) . Occasionally, degenerating cells in one folium appeared in register with degenerating cells in a neighboring folium. TUNEL assay and immunostaining for activated caspase3 failed to detect any staining in either tippy mutants or control cerebella (data not shown). Notably, in all of our studies of Purkinje cells in tippy mutants from P16-21, we did not find evidence of extensive "holes" in the Purkinje cell monolayer suggesting that the Purkinje cell loss is a slow process. Further, Fluoro-Jade C staining of sections from elsewhere in the brain revealed that degenerative processes were restricted to cerebellar Purkinje cells; in particular, no degeneration was present in the inferior olivary complex (data not shown).
Electron microscopic analysis confirmed the presence of subtle alterations as well as conspicuous abnormalities (Figs. 4 and 5) in individual and small groups of Purkinje cell bodies and dendrites indicative of both early and advanced degenerative processes in homozygous tippy mutants that were not observed in control littermates. Purkinje cells in P18 control mice commonly possessed qualitatively normal structural features (Figs. 2j, 3f , and 5a). The perikarya and proximal dendrites of the unaffected Purkinje cells in tippy mutants were usually surrounded by the cell bodies and slender processes of Bergmann glia; the basket cell axons formed synapses on the smooth portions of the somatic and dendritic plasma membrane, while the climbing fibers CFs formed synapses mainly on the spines emanating from the proximal trunks; stellate cell axons contacted the stems of the distal dendrites and PFs contacted the spines of the spiny branchlets (see [19, 20] ).
Notably, abnormalities in mutant cerebella encompassed cell somata (Fig. 4b, c) , the entire dendritic arbor in the molecular layer including the dendritic spiny branchlets (Fig. 5) , initial axon segments and white matter fibers (Fig. 4d-f) as well as the Purkinje cell axon terminals in the cerebellar nuclei and lateral vestibular nuclei (Fig. 3) .
Early signs of alteration in the Purkinje cell bodies consisted mainly of an increase of the electron density of the cytoplasm and dilatation of the cisterns of the Golgi apparatus and the endoplasmic reticulum, and an increase in the number of multivesicular endosomes, lysosomes, double membranebound authophagosome-like and autolysosome-like bodies (Fig. 4b) . Clumping of the mitochondria, however, was observed only occasionally. Purkinje cell bodies in advanced stages of degeneration appeared shrunken, with marked density of the cytoplasm and the nuclear content and were surrounded by swollen profiles of the Bergmann glia and by microglial phagocytes; the perikaryon contained prominent vacuoles, dilated cisterns of the endoplasmic reticulum and clumped organelles (Fig. 4c) .
Ultrastructural cytoplasmic alterations in the mutant Purkinje cell dendritic arbors consisted of dilation of degenerating Purkinje cell bodies (h, arrowhead), dendrites (h, arrows) and several white matter axons (i, arrows) in tippy mutant cerebella but no degeneration signal in the cerebellar cortex of control mice (g). j-m, Semithin (1-2 μm) resin sections stained with toluidine blue illustrate delicately stained Purkinje cells of normal morphology, with the nucleolus being the only dense organelle in control cerebella (j). In contrast, tippy mutant cerebella demonstrate multiple densely stained Purkinje cell somata (k, m arrows) and severely dysmorphic dendritic arbors (k-m, arrowheads) in varying stages of dark degeneration. Asterisks indicate Purkinje cell somas. ml molecular layer; gl granule cell layer; wm white matter. Scale bars a-e, h, j-l, 20 μm; f, g, i, 30 μm; m, 10 μm (scale bar in b, e, and k applies to a, d, and j, respectively) individual cisterns of the endoplasmic reticulum (Fig. 5a) , an abnormally high frequency of cytoplasmic vesicles (Fig. 5d,  h ), the occurrence of numerous multivesicular endosomes, lysosomes, double membrane-bound authophagosome-and autolysosome-like bodies (Fig. 5d, h ), the formation of loose mitochondrial aggregates (Fig. 5a, e, f, and g ) and an increase in the electron opacity of the cytoplasm (Fig. 5a-h ). In the spiny branchlets, these changes were frequently accompanied by long, slender spines with extremely narrow necks (Fig. 5b,  f) . More severe dendritic changes were mainly characterized by the conspicuous beading of the large dendritic stems and shrinkage of the spiny branchlets, the formation of large masses of dilated and vesiculated endoplasmic reticulum and clumps of enlarged or fused mitochondria in the center of the dendritic trunks accompanied by a marked electron density of the cytoplasm that obfuscated the profiles of microtubules and neurofilaments, most of which were situated in a peripheral ring beneath the plasma membrane (Fig. 5f-h) . Notably, synaptic junctions of PFs (Fig. 5b) and CFs (Fig. 5c) were still recognizable in many of the degenerating dendrites. The degenerating arbors were surrounded by dilated profiles of Bergmann glia (Fig. 5c, e-g ) and by the processes of microglial cells (Fig. 5g, h) , some of which were traced to parent cell bodies situated along the blood vessels (data not shown). Some of the degenerating dendrites were engulfed by microglia profiles together with their surrounding Bergman glial processes (data not shown).
Numerous Purkinje cell axons in the folial white matter and in the cerebellar and vestibular nuclei presented distinct torpedoes and spheroids, containing autophagosome-like and autolysome-like bodies and swollen endoplasmic reticulum, as well as dark axoplasmic degeneration (Fig. 3d, e) . These alterations were accompanied by prominent dystrophic changes in the Purkinje axon terminals in all the sites in which they are known to occur (i.e., upper granular layer, lower molecular layer, cerebellar nuclei, and vestibular nuclei; [20] ). The dystrophic terminals contained enlarged mitochondria, lysosomes, dilated cisterns of the smooth endoplasmic reticulum and clustered synaptic vesicles immersed in a granulo-fibrillar cytoplasm of medium electron density (Fig. 3e) .
In contrast, no overt alterations were observed in the targeting of the CFs and parallel fibers (PFs), and the axons of the basket and stellate cells in the unaffected and degenerating homozygous tippy Purkinje cells, although CF synapses on cell body spines and smooth dendritic trunks occurred more frequently than in the Purkinje cells of control littermates (data not shown). Notably, we found minimal evidence that other types of cerebellar neurons were directly affected in tippy mutants (data not shown). (a, inset) . e, f Electromicrographs of Purkinje cell terminals in LVe of tippy mutant (e) and control (f) mice illustrate that the cell body of a normal, large efferent neuron in the LVe of control mice is surrounded by normal Purkinje axon terminals (f, asterisks), three of which contain dispersed small mitrochondia and pleomorphic synaptic vesicles. In contrast, the cell body of a large efferent neuron in the LVe of mutant mice is directly apposed by a swollen dystrophic terminal of a Purkinje cell axon (e, asterisk). The organelles in the dystrophic terminal closely resemble those observed in the terminal of the recurrent collateral in the cortex shown in Fig. 4f . Arrows indicate symmetric axo-somatic synapses. Scale bars a-d, 20 μm; inset in a, 10 μm; e, f, 0.5 μm described in Purkinje cells deprived of CF innervation [21] [22] [23] . We therefore examined CFs in more detail. Nisslstained sections illustrated that the inferior olivary nuclei, the sole source of climbing fibers, were grossly normal in mutant mice at P21 (Fig. 6a) . To assess the distribution of CFterminals within the molecular layer, we co-labeled Purkinje cells for calbindin and vesicular glutamate transporter 2 (VGluT2), which is specifically expressed in CF terminals in the cerebellar cortex at P21 [24, 25] . As in control cerebella, there was a clearly demarcated proximal domain of VGluT2-immunopositive puncta in the molecular layer of homozygous tippy mutant cerebella (Fig. 6c, g ), with no distal expansion of the CF territory, which has been observed with loss of PFPurkinje cell synaptic connections [8] . However, there was a proximal retraction of the normal CF domain in mutant mice compared to control mice, with CF terminals encompassing 83.3±1.6 % of the molecular layer thickness in control mice versus 68.9±1.5 % in mutant mice (p<0.00001; Fig. 6e ). Of note, there was no significant difference in the molecular layer thickness between control and mutant mice (data not shown). Furthermore, CF terminals were associated with only shaft dendrites in both control and mutant mice and there were no shafts observed that were free of VGluT2-positive puncta, suggesting the decreased CF domain was a consequence of an underlying reduction of synaptically adequate shaft area on mutant Purkinje cell arbors rather than available CF territory that remained uninnervated.
Although the overall density of VGluT2-immunopositive puncta within the molecular layer did not appear markedly different (Fig. 6c, g ), the density of VGluT2 terminals on individual Purkinje cells appeared higher in mutant cerebella compared to controls (Fig. 6d, h ). This increased density was most apparent as a marked clustering of VGluT2-positive puncta in tippy mutant mice, most prominently in the proximal portions of the dendritic tree (Fig. 6h) . This stood in stark contrast to the control cerebella, in which the VGluT2-positive puncta, all of similar size, were regularly spaced along the Purkinje cell dendritic branches (Fig. 6d) . Furthermore, VGluT2-labeled CF terminals were present on the cell bodies of tippy mutant Purkinje cells that were never seen in control cerebella.
To examine the pattern of CF innervation at single-fiber resolution, we performed a triple labeling anatomical study utilizing anterograde DiI tracer labeling from the inferior olivary nuclei, anti-VGluT2 to visualize all CF terminals and anti-calbindin to visualize Purkinje cell dendrites. In the control mice, each CF demonstrated a clear 1:1 relationship with individual Purkinje cells with single DiI-labeled CFs traversing the cerebellar white matter via a direct route, ascending through the Purkinje cell layer past the cell bodies and winding around the proximal dendritic shaft, branching regularly, up to the point of intersection of shaft dendrites with spiny branchlets (Fig. 6i, j) . In contrast, the tippy mutant DiI-labeled CFs often twisted through the Purkinje cell layer, intermingled with other DiI-labeled fibers (Fig. 6k, arrowheads) , and wrapped extensively around the cell body of Purkinje cells prior to encircling the dendritic shafts (Fig. 6l) . Colocalization of VGluT2 puncta and DiI-labeled fibers indicated aberrant synaptic contacts between the CFs and mutant Purkinje cells on the cell bodies (Fig. 6l) . We also observed an increased thickness of the DiI-labeled CFs on mutant Purkinje cells, suggesting decreased branching and possibly increased number of wraparounds of the dendritic tree by each CF. Concurrently, there appeared to be a higher number of DiI and VGluT2 co-labeled puncta on the mutant Purkinje cells, most notably on the proximal dendritic shaft. Lastly, while all VGlut2-positive terminals on individual Purkinje cells were associated with a DiI-labeled CF in control cerebella (Fig. 6j) , a small minority of mutant Purkinje cells possessed DiIlabeled CF/VGluT2-positive puncta on the same dendrites as tracer-unlabeled/VGluT2-labeled terminals, indicating innervation by multiple CFs (Fig. 6l, arrowhead) .
Unaltered EPSC Amplitude of Purkinje Cell-Climbing Fiber Synapse in Homozygous Tippy Mutant Mice
To determine the functional relevance of the anatomical alterations, we undertook an electrophysiological analysis to evaluate synaptic interactions in the cerebellar cortex of control and homozygous tippy mutant mice. We first examined excitatory postsynaptic currents (EPSCs) in response to CF (or PF) stimulation in P21-P24 slice preparations by whole-cell patch-clamping (Fig. 7a) . CF-evoked EPSCs were identified by their characteristic all-or-none nature and by the presence of paired-pulse depression (PPD) following two stimuli delivered within a short time window [26] [27] [28] . After the recruitment of the first CF, multiple innervation was detected by a stepwise increase of the EPSC following a graded increase in the stimulus intensity. Most Purkinje cells in both control (n= 22 cells) and homozygous tippy mutant (n=15 cells) mice exhibited single-step CF-EPSCs, indicating monoinnervation (Fig. 7b) . However, in some Purkinje cells, a second discrete current step appeared as the stimulus intensity was increased, indicating multiple innervation, consistent with the tracerlabeling data; the differences, however, were not statistically significant (p>0.6, Mann-Whitney test). Therefore, the elimination of supernumerary CFs from Purkinje cells during development is not fundamentally impaired in tippy mutant mice.
To determine the synaptic strength of CFs on Purkinje cells in control and mutant mice, we recorded the maximum Fig. 5 Electron microscopy of degenerating Purkinje cell dendrites in P19 homozygous tippy mutant mice. a A dendritic spiny branchlet contains moderately electron dense cytoplasm, abnormal dilated endoplasmic reticulum (arrows) and clumped mitochondria (asterisk). b, A degenerating spiny branchlet is surrounded by parallel fiber (PF) varicosities and appears shrunken. Two of its spine synapses (arrows) are still recognizable and PF synapses (arrowheads) are also present on the shaft, possibly corresponding to retracted spines. c A degenerating medium-sized dendritic branch appears shrunken, contains an enlarged mitochondrion (white asterisk), is partially surrounded by dilated Bergmann glial processes (black asterisk) and forms synaptic junctions (arrowheads) with climbing fiber varicosities (CF) containing large dense core vesicles (arrows). d An overtly degenerating second or third order Purkinje cell dendrite contains double membrane-bound, autophagosome-like bodies (arrow) and clusters of dilated or vesiculated ER cisterns (arrowheads). e The main stem of a Purkinje cell dendrite (PcD) appears to undergo the initial stage of degeneration; the mitochondria-no longer separated by neurofilaments and microtubules-have formed two large assemblies (white asterisks); some of the ER cisterns appear dilated and the surrounding Bergmann glia profiles are swollen (black asterisk). Arrowheads point to synapses on the dendritic stem. f Segmented Purkinje cell branchlets undergoing dark degeneration, are provided with spines (arrowheads) synapsing with parallel fibers (arrows). The branchlets contain small and compact clumps of enlarged mitochondria and are nearly encircled by dilated Bergmann glial processes (asterisks). g, h Second-and first-order branches of a Purkinje cell dendrite undergoing dark degeneration contain enlarged mitochondria and autophagosome-like bodies, and are engulfed by Bergmann glial (black asterisk) and microglial (MG) cell processes. Cisterns of the endoplasmic reticulum (white arrowheads) have become vesiculated and centralized, separating from cytoskeletal elements (white asterisks). The mitochondrial matrix show varying density. Arrowheads indicate mitochodrial appositions and arrows point to autophagosomes. pf parallel fiber; cf climbing fiber; PcD Purkinje cell dendrite; MG microglia. Scale bars a, e, g, h, 1 μm; b-d, f, 0.4 μm amplitude of CF-EPSCs from Purkinje cells at a holding potential of either −70 or −20 mV. Surprisingly, there were no significant differences in the amplitudes of CF-EPSCs between control (n=7 cells) and mutant (n=6 cells) mice at both holding potentials (Fig. 7c) , indicating that despite the alterations in the distribution, density, and size of CF terminals in homozygous tippy mutants, the strength of the net response evoked in the mutant Purkinje cells is the same as in control mice. In addition, CF-EPSCs in mutant cerebella (n=9 cells) exhibited PPD over a range of inter-stimulus intervals that was not significantly different from control mice (n=9 cells; Fig. 7d ), indicating that this measure of short-term plasticity at Purkinje cell-CF synapses is normal in homozygous tippy mutant mice. We next measured EPSCs from Purkinje cells in response to PF stimulation, which reflect input from granule cells. As with the CF-evoked EPSCs, PF-EPSCs exhibited normal shortterm plasticity in both control (n=17 cells) and tippy mutant (n=14 cells) mice, demonstrating paired-pulse facilitation (PPF) at interpulse intervals between 10 and 500 ms (Fig. 7d) . However, the maximum amplitudes of PF-EPSCs in homozygous tippy mutant Purkinje cells (n=19 cells) were consistently smaller than those in control Purkinje cells (n=13 cells) over a broad range of stimulus intensities (10-70 μA; Fig. 7e ), indicating impaired PF-Purkinje cell synaptogenesis. Importantly, as PPF reflects presynaptic functions and this measure was normal in tippy mutant mice, the decreased PF-EPSC amplitudes indicate probable defects on the postsynaptic side in mutant Purkinje cells or alterations in the number of functional contacts between PFs and mutant Purkinje cells.
To determine if the decreased PF-EPSC amplitude in homozygous tippy mutant mice was associated with changes at individual synapses, we recorded spontaneous excitatory activity in the cerebella of tippy mutant mice and their littermates. Miniature excitatory postsynaptic currents (mEPSCs) were recorded from parasagittal cerebellar slices under the bath application of tetrodotoxin (TTX) (Fig. 7f) . The average frequency of mEPSCs in control mice was 1.92±0.18 Hz (n= 17), which was not significantly different from the frequency measured in tippy mutant mice (2.07 ± 0.26 Hz, n = 21; Fig. 7g) . Therefore, the number of synaptic connections on mutant Purkinje cells is likely unaltered. In contrast, the amplitude of mEPSCs was significantly decreased in mutant mice (6.04 ± 0.17 pA) compared to control mice (7.92 ± 0.32 pA; p<0.0001; Fig. 7h ), suggesting a change in presynaptic quantal content or postsynaptic changes in receptor density or composition in homozygous tippy mutant cerebella. Of note, the recorded mEPSCs could not be localized specifically to either CF-or PF-Purkinje cell synapses but represented spontaneous activity at both excitatory synapses.
The decreased PF-EPSCs in homozygous tippy mutant mice suggested a potential loss of mossy fiber contact with Fig. 6 Increased climbing fiber terminals within a reduced dendritic domain and altered pattern of innervation in homozygous tippy mutant cerebella. a Nissl-stained coronal sections demonstrate qualitatively normal inferior olivary neurons (IO) in both control and tippy mutant mice. b-l However, confocal imaged sagittal sections of control (b-d) and tippy mutant (f-h) cerebella stained with calbindin (red; b, f) and VGluT2 (green; c, g) illustrate marked clustering of VGluT2-positive climbing fiber (CF) terminals (g) and increased density of CF terminals on the proximal dendrite and soma of tippy mutant PCs (h) compared to control (d). Quantitative analysis of CF innervation territory in P21 mice indicates a significant reduction in the domain encompassed by CF terminals in mutant mice compared to controls (e). n=10 for WT, n=11 for mutants. Further, confocal-imaged sagittal sections of anterogradely DiI-labeled CFs (red), VGluT2-labeled CF terminals (green) and calbindin-labeled PCs (blue) in control (j) and tippy mutant (l) mice illustrate alterations in the pattern of CF innervation in mutant cerebella. Unlike single DiI-labeled CFs in control mice that travel a direct route to PCs (i), DiI-labeled CFs in the mutant cerebellum travel a circuitous path, intertwining with other DiI-labeled CFs in the PC layer (k, arrowheads). Triple-labeled images (j, l) highlight the increased thickness of CFs in the mutant, presence of DiI-labeled, VGluT2-positive puncta on the mutant PC soma and proximal dendritic shaft as well as the presence of VGluT2-positive, DiI-unlabeled terminals on the same PC (l, arrowhead) as VGluT2-positive, DiI-labeled puncta, suggesting multiple innervation. Data are expressed as mean±SEM. *p<0.00001, Student's t test. The pial surface is indicated by the dotted line granule cells or PF contact with Purkinje cells. At a gross level, Nissl-stained sagittal sections demonstrated structurally intact pontine nuclei-a major source of mossy fibers-in both control and mutant mice (Fig. 8a, f) . A loss of PF synaptic contacts with Purkinje cells in mutant cerebella is consistent with the fragmented and degenerating Purkinje cell dendrites observed in homozygous tippy mutants (Figs. 2 and 3) , although EM analysis suggests that up to substantially advanced stages, degenerating Purkinje cells maintain synaptic contact with both CF and PFs (Fig. 3a, b) . To more globally assess the pattern of PF innervation of Purkinje cells in control and mutant mice, we labeled PF terminals with antibodies to vesicular glutamate transporter 1 (VGluT1) and Purkinje cells with calbindin. No discernable differences in the distribution or overall density of VGluT1-immunopositive puncta were observed between control and mutant mice (Fig. 8c, h ), indicating no marked loss of PF terminals in the mutant cerebellum. However, while there was a homogeneous overlay of calbindinimmunopositive Purkinje cell processes and VGluT1-positive PF terminals in control mice (Fig. 8d, e) , there were regions of VGluT1-positive staining without corresponding calbindin-labeled Purkinje cell dendritic partners in homozygous tippy mutant mice (Fig. 8i, j The homozygous tippy mutant Purkinje cell morphological and electrophysiological phenotypes are unique, suggesting that the underlying mutation is likely to be a novel regulator of Purkinje cell dendrite development and neuronal survival. We therefore established an intersubspecific intercross with Mus mus molissinus (Molf/E i ) to map the mutation (Fig. 9a) . Linkage analysis of data from eight ataxic F2 mice on a 768 SNP panel [15] revealed maximum evidence for linkage of the tippy mutation (LOD=3.3) within a 26 cM (37.0 Mb) region between SNP markers rs3698443 and rs8254399 (data not shown). Subsequent fine mapping using DNA from 208 ataxic P14-P18 F2 offspring mapped the tippy locus to a 1.0 cM (2.1 Mb) interval on distal chromosome 9, between markers rs33627650 and rs3714504 (Fig. 9b) . Haplotype results revealed that the tippy mutation originally arose on a C3H/Fe chromosome and three markers (rs30330775, D9MIT24, rs29937959) remained completely linked with the tippy phenotype (Fig. 9c) . This 2.1-Mb critical region (chr9:101789046-103916280, UCSC Genome Browser Build 37) contains~23 genes (Supplementary Table 1 ). None of these genes have been previously implicated in cerebellar development or neuronal degeneration. 
Discussion
Our data implicate Purkinje cells as a major target of the tippy mutation, with other neuronal cell populations in the cerebellum remaining grossly normal. The mutant Purkinje cell phenotype is a combination of abnormal dendritogenesis and degeneration. To our knowledge, this combination is unique amongst all cerebellar mouse mutants described to date. The mutation maps within a 2.1 Mb critical region of chromosome 9 encompassing multiple transcripts, none of which have been previously implicated in cerebellar development or neuronal degeneration.
We have focused our analysis on postnatal cerebellar development in the tippy mutant, since without specific knowledge of the underlying molecular lesion, we are limited to identifying the mutants based on their smaller body size and ataxia, which cannot be definitively assessed earlier than P10-12. The disproportionately small size of the postnatal homozygous tippy mutant cerebellum may in large part reflect abnormalities of the somatodendritic and axonal compartments of the mutant Purkinje cells. Nevertheless, we cannot rule out earlier abnormalities in Purkinje cell and granule cell neurogenesis that could also contribute to the reduced size.
Tippy Mutants Exhibit a Unique Constellation of Purkinje Cell Dendritic Phenotypes
Although individual aspects of the tippy dendrite and spine phenotypes are shared by other murine mutants, tippy presents several challenges to current paradigms of dendritogenesis and spinogenesis [29] . For example, Purkinje cell dendritic trees in tippy mutants exhibit loss of sagittal planarity-a reported consequence of PF input loss in mutants. However, we see preserved PF input in tippy mutants. Further, higher-order distal spiny branchlets, the principal category of dendritic processes absent in PF-deprived Purkinje cells, such as in weaver mutants [30] , are also preserved in tippy mutants.
Since spine shape and formation are significantly affected by synaptic activity [31] , it remains possible that the defects demonstrated by homozygous tippy mutant Purkinje cell dendritic spines are a consequence of alterations in physiological activity. Indeed, there is such a "hyperspiny transformation" in response to CF deprivation [32, 33] . However, we observed no loss of CF input to tippy mutant Purkinje cells but rather an increased density of VGluT2-positive CF terminals studding the dendritic shafts and cell somas of mutant Purkinje cells. Anterogradely labeled CFs twisted up the cell soma and dendritic branches of mutant Purkinje cells with no signs of atrophy, forming active VGluT2-positive synaptic contacts that generated CF-EPSC amplitudes comparable to those in control cerebella. Thus, tippy mutant Purkinje cells do not exhibit olivocerebellar input loss. Interestingly, Purkinje cells deprived of PF input, such as in the weaver cerebellum, also form a significant number of dendritic spines on first and second order branches [30] . Although the decreased PF-EPSC amplitudes in homozygous tippy mutant mice imply a reduction in PF-Purkinje cell synapses, we observed an apparently normal PF terminal density based on VGluT1-staining. Further, there is no distal expansion of the CF innervation territory associated with the decreased PF-EPSC amplitudes, which is typically accompanied by expansion of CFs into the distal PF domain of Purkinje cell arbors in other mutants [8, 24, [34] [35] [36] [37] . Paradoxically, in tippy mutant mice, we observed a significant reduction in the CF terminal reach. Lastly, weakening of PF-Purkinje cell synapses typically results in the persistence of multiple CF innervation [38] [39] [40] [41] [42] [43] [44] . Although there was a trend towards more Purkinje cells maintaining innervation by multiple CFs based on morphological assessment, electrophysiologically, there were no differences in CF:Purkinje cell relationships between wild-type and mutant animals. It is possible that in tippy mutant Purkinje cells, neighboring minor CFs project to Purkinje cells but that their function is weak or inactive. Regardless, given that tippy mutant cerebella exhibit none of the associated features reported with loss of granule cells or PF input, it is unlikely that the altered spine distribution in mutant mice is a direct consequence of decreased PF-Purkinje cell synaptic contacts.
The Tippy Degenerative Phenotype is Unique Tippy Purkinje cell degeneration affects both the somatodendritic and axonal compartments, with dystrophic alterations, such as axonal torpedos and terminal swellings more numerous than dark axons and dark terminals. These alterations are accompanied by distinct activation of both the astroglial and the microglial cell populations in the cerebellar cortex, the white matter, and the target nuclei of the Purkinje cell axons. The higher frequency of occurrence of dystrophic and overtly degenerative changes in the distal axonal compartment compared to the somatodendritic compartment of the Purkinje cell would seem more compatible with a dyingback form of pathology, rather than with Wallerian degeneration following Purkinje cell death. This brings to mind other neurodegenerative processes described in different mammalian species, including human amyotrophic lateral sclerosis [45] [46] [47] [48] [49] [50] .
We cannot distinguish whether the degenerative dendritic phenotypes are directly related to the dysmorphic dendritic phenotypes that we see in homozygous tippy mutants. Other murine mutants with Purkinje cell degeneration, however, do not share the tippy dendritic abnormalities. Furthermore, we observed numerous mutant Purkinje cells with abnormal dendritic morphology that show no overt signs of distress or degeneration. This observation may imply these phenotypes are separable, or alternatively may indicate that the degenerative process is stochastic within Purkinje cells of abnormal morphology.
Most cerebellar degenerative mutants exhibit rapid apoptotic Purkinje cell death leaving "holes" in the Purkinje cell monolayer. The tippy non-apoptotic cell death we have described is apparently a slow process, with little evidence of "missing" Purkinje cells even as late as P35, although our calbindin/VGLUT1 immunostaining suggests the presence of presynaptic PF terminals without postsynaptic Purkinje cell partners. Studies of staggerer and nervous mutants have shown that just as Purkinje cell dendritic spines form through intrinsic mechanisms that do not depend on axonal synaptic contact, the differentiation and stabilization of presynaptic elements in the PFs may also be driven by a granule cell intrinsic developmental program [51] [52] [53] [54] [55] [56] [57] [58] . Therefore, the PF terminals lacking clear associations with any Purkinje cell spines in homozygous tippy mutant cerebella may be apposed to calbindin-negative glial processes or they may be devoid of postsynaptic partners. Our electron microscopic examination of tippy mutant and control mice did not reveal a widespread presence of naked spines in tippy mutant cerebella. However, a definitive test of this hypothesis requires quantitative ultrastructural studies on serial sections from a larger sample to evaluate Purkinje cell-PF synapses as well as any "naked" afferent presynaptic terminals.
The increase in lysosomes and autolysosomes-like bodies, mitochondrial appositions, density of toluidine blue staining, and electron microscopic opacity in the affected mutant Purkinje cells suggest a process of activation of autophagy leading to dark cell degeneration [59] . This type of degeneration is often associated with acute or progressive nonapoptotic (caspase-3 and TUNEL negative) cell death [60, 61] . Furthermore, the large assemblies of dilated and vesiculated endoplasmic reticulum cisterns, which are major sites of dendritic calcium storage, point to severe disturbance of calcium clearance mechanisms that may exacerbate cell stress and cause a toxic cascade [62, 63] .
Overall, the alterations we uncovered in the dendritic and axonal compartments appeared more widespread than the alterations we could detect in the Purkinje cell bodies, suggesting a defect in cell trafficking. The pervasive dystrophy of the Purkinje cell axon terminals in the cerebellar and vestibular nuclei in conjunction with the alterations of PF synapses in the molecular layer are likely to dramatically affect the output of the cerebellum. Many cerebellar mutants such as pcd demonstrate ataxia only after more than 50 % of Purkinje cells are lost [64] . Homozygous tippy mutants are ataxic at early postnatal stages without this large-scale loss, suggesting that alterations of synaptic activity in the cerebellar and vestibular nuclei engender a circuit pathology well ahead of a definitive cell loss in the cerebellar cortex. We propose, therefore, that the dystrophic changes in the Purkinje cell axons, in combination with abnormalities in the balance and dynamics of CF and PF excitatory afferent input to the cerebellar cortex, underlie the severe ataxia of tippy mutants.
We presume that the severe cerebellar ataxia contributes to the postnatal lethality seen in tippy homozygotes, likely compromising the ability of these animals to feed efficiently. In the initial phenotypic report [5] , Lane and Bronson did not report any gross phenotypic brain abnormalities in tippy animals. Likewise, our own survey of brain regions did not reveal readily observable phenotypes outside of the cerebellar hypoplasia in other motor regions. Notably, we observed subtle structural defects of the hippocampal dentate gyrus in~10 % of animals and this defect may contribute to seizures we have observed in a small subset of animals (data not shown). However, since only a subset of animals are affected, this defect cannot account for the high rate of lethality. Further analysis of other brain regions and cause of death will be greatly facilitated by the characterization of the molecular lesion in tippy mutants and knowledge of the affected genes.
The Tippy Mutant is Molecularly Unique
Although the causative tippy gene has yet to be identified, none of the genes in the refined tippy critical region have previously been implicated in ataxia, Purkinje cell development or neuronal degeneration and survival. Thus, the tippy mutant embodies a novel cerebellar phenotype centered with a primary defect in Purkinje cells caused by a heretofore unrecognized player in Purkinje cell morphogenesis and homeostasis. The elucidation of the causative tippy gene and dissection of its mechanism of action will provide much needed insight into the intrinsic developmental signals that regulate Purkinje cell dendritic development and the establishment of normal cerebellar circuitry.
